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1 Introduction
An interesting question is how present and future experiments will be able to probe the couplings of the
Higgs boson at a high level of precision, see Ref. [1] for a discussion. There is a wide variety of beyond
the Standard Model (BSM) theories where the Higgs couplings differs from the Standard Model (SM) ones
by less that 10%, as discussed in Ref. [2]. Among many papers dealing with the subject we quote those
in Refs. [3–7]. For the most recent update on the subject we refer to the work of Refs. [8–10]. Interim
recommendations to explore the coupling structure of a Higgs-like particle can be found in Ref. [11].
In this work, following Independence Day [12,13], we imagine that there is a huge space of theories,
represented by local and renormalizable Lagrangians where SM is only one point. A possible strategy to
look for deviations from the SM is the following:
• we take the SM as the theory of “light” degrees of freedom, i.e. d = 4 operators
• we simulate the unknown extension of the SM by the most general set of d = 6 operators that are
obtained by integrating out the heavy degrees of freedom (we also assume no sensitivity to operators
with d ≥ 8 at LHC). This is equivalent to say that the BSM theory is unknown or matching is too
difficult to carry out, so we write the most general set of interactions consistent with symmetries. The
effective theory contains an infinite number of operators but only a finite number is needed for present
(LHC) precision.
With enough statistics it should be possible to fit ai, the Wilson coefficients of the d = 6 operators, and there
are two possibilities: a) they are close to zero (where zero = SM) or b) they are not. Option a) tell us that
NLO corrections (or the residual theoretical uncertainty at NNLO level) and the ai coefficients are small,
and the SM is actually a minimum in our Lagrangian space or very close to it. This will explain nothing but
it is internally consistent. Option b) raises serious problems since the effect of local operators is large and
they cannot be included only at LO, but inserting operators in SM loops creates even more problems.
In case it is option b) we should move in the Lagrangian space and adopt a new renormalizable La-
grangian with the virtue of making zero that specific (large) Wilson coefficient ai; local operators are then
redefined w.r.t. the new Lagrangian. Of course there will be more Lagrangians projecting into the same set
of operators but still we could see how our new choice handles the rest of the data.
In principle, there will be a blurred arrow in our space of Lagrangians, and we should simply focus
the arrow. Without invoking the explicit example of Supersymmetry this is the so-called inverse problem
introduced in Refs. [14,15]: if LHC finds evidence for physics beyond the SM, how can one determine the
underlying theory?
It is worth noting that this question is highly difficult to receive a complete answer at the LHC. The main
goal will be to identify the structure of the effective Lagrangian (i.e. the different scalings of the various
d = 6 operators) and to derive qualitative information on new physics; the question of the ultraviolet (UV)
completion cannot be answered unless there is sensitivity to d > 6 operators. Therefore, we are looking for
a relatively modest goal on the road to understand if the effective theory can be UV completed (bottom-up
approach with no obvious embedding).
To set up our definitions of an enlarged theory we have to specify the concept of Higgs fields: it is the set
of scalar fields that break electroweak symmetry (EW) by developing a vacuum expectation value (VEV).
What we are looking for is evidence of SM Higgs properties or deviations from the SM behavior; in the
latter case one has to understand consistency with other EW symmetry-breaking frameworks. Alternatively
we can consider scenarios with more scalar fields, that are not Higgs fields (Higgs partners); the problem
with more VEVs, or one VEV different from (T , Y ) = (12 , 1) (T is isospin and Y is hypercharge), is partially
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related to the rho-parameter [16] which at tree-level is given by
ρLO =
1
2
∑i
[
ci | vi |2 +ri u2i
]
∑i Y 2i | vi |2
, ci = Ti (Ti +1)−Y 2i , ri = Ti (Ti +1) , (1)
where the sum is over all Higgs fields, vi(ui) gives the VEV of a complex(real) Higgs field with hypercharge
Yi and weak-isospin Ti. Our considerations will be presented in Section 6.5. The experimental limit on
ρ− 1 are rather stringent. For a complete discussion of models respecting custodial symmetry we refer to
Ref. [17].
In this paper we do not discuss questions related to spin, mass or CP quantum numbers but only cou-
plings. In particular we discuss couplings to vector bosons since they control the unitarity behavior of
longitudinal VV -scattering at high energy [18] (automatic in the SM). We also discuss the effects of Higgs
partners and of Higgs self-couplings in Section 8.
For a better illustration of our approach we observe that a consistent effective theory, defined by
L = L4 + ∑
n>4
Nn∑
i=1
ani
Λn−4 O
(d=n)
i (2)
has arbitrary Wilson coefficients ani which, however, give the leading amplitudes in an exactly unitary S -
matrix at energies far below Λ. The theory is non-renormalizable, which means that an infinite number of
higher operators must be included. Nevertheless there is a consistent expansion of amplitudes in power of
E/Λ. Our goal will be to understand the d = 6 operators as a first step towards an UV completion, possibly
a weakly-coupled one i.e. one where weakly-coupled new physics opens up around Λ and restores unitarity
(a different scenario, classicalization, has been proposed in Refs. [19,20]).
In other words, the question is: can we classify the low-energy (LHC) observables that determine the
road to UV completion? Note that there is a claim in the literature [21,22] that the coefficients ai must be
positive to have an UV completion which respects the usual axioms of S -matrix theory. In particular, in
the work of Ref. [22] it is shown that UV completion is encoded in the sign of the scattering amplitude for
longitudinal vector-bosons and that weakly-coupled UV completion requires a positive sign. Constraints
on the sign of the couplings in an effective Higgs Lagrangian using prime principles have been derived in
Ref. [23].
In Section 2, we present the SM Lagrangian, and in Section 3 we introduce the effective Lagrangian.
We discuss Higgs vertices in Section 4 and Z vertices in Section 5. Section 6 gives the relevant partial decay
widths of the H boson. In Section 7 we list the various H→ 4f decays. Double Higgs production is discussed
in Section 8. We discuss perturbative unitarity in Section 9. We give our conclusions in Section 10.
2 LSM: definitions
In this Section we collect all definitions that are needed to write the SM Lagrangian [24]. The scalar
field K (with hypercharge 1/2) is defined by
K =
1√
2
(
H+2 Mg + iφ0√
2 iφ−
)
H is the custodial singlet in (2L ⊗ 2R) = 1 ⊕ 3. Charge conjugation gives Kci = εi j K∗j , or
Kc =− 1√
2
( √
2 iφ+
H+2 Mg − iφ0
)
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The covariant derivative Dµ is
Dµ K =
(
∂µ − i2 g0 B
a
µ τa−
i
2
gg1 B0µ
)
K (3)
with g1 =−sθ/cθ and where τa are Pauli matrices while sθ (cθ ) is the sine(cosine) of the weak-mixing angle.
Furthermore
W±µ =
1√
2
(
B1µ ∓ iB2µ
)
, Zµ = cθ B
3
µ − sθ B0µ , Aµ = sθ B3µ + cθ B0µ . (4)
Faµν = ∂µ Baν −∂ν Baµ +g0 εabc Bbµ bcν , F0µν = ∂µ B0ν −∂ν B0µ . (5)
Here a,b, · · · = 1, . . . ,3. The dual tensor is defined by
˜Faµν = ε
µναβ Faαβ . (6)
Furthermore, for the QCD part we introduce
Gaµν = ∂µ gaν −∂ν gaµ +gS f abc gbµ gcν . (7)
Here a,b, · · · = 1, . . . ,8 and the f are the SU(3) structure constants. Finally, we introduce fermions,
ψL =
(
t
b
)
L
fLR =
1
2
(
1± γ5) f
and their covariant derivatives
Dµ ψL =
(
∂µ +gBiµ Ti
)
ψL, i = 0, . . . ,3
T a = − i
2
τa, T 0 =− i
2
,g2 I, (8)
Dµ ψR =
(
∂µ +gBiµ ti
)
ψR, t
a = 0, (9)
t0 =− i
2
(
g3 0
0 g4
)
with gi =−sθ/cθ λi and
λ2 = 1−2Qu, λ3 =−2Qu, λ4 =−2Qd . (10)
The Standard Model Lagrangian is the sum of several terms:
LSM = LYM +LK +L gf+LFP +Lf (11)
i.e., Yang-Mills, scalar, gauge-fixing, Faddeev-Popov ghosts and fermions. Furthermore, for a proper treat-
ment of the neutral sector of the SM, we introduce a new coupling constant g, defined by the relation
g0 = g
(
1+g2 Γ
)
, (12)
where Γ is fixed by the request that the Z−A transition is zero at p2 = 0, see Ref. [25]. The scalar Lagrangian
is given by
LK =−
(
Dµ K
)† Dµ K−µ2 K† K− 12 λ (K† K)2 . (13)
We will work in the βh -scheme [25], where
µ2 = βh−2 λg M
2, λ =
1
4
g2
M2H
M2
(14)
Furthermore, we introduce v =
√
2M/g. and fix βh order-by-order in perturbation theory by requiring
< 0 |H |0 >= 0.
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Table 1: A selection of relevant d = 6 operators
OK =− g
3
3
(
K† K
)3
O∂K =
g2
2 ∂µ
(
K† K
)
∂µ
(
K† K
)
O1K = g
2 (K† K) (Dµ K)† Dµ K O3K = g2 (K†DµK) [(DµK)† K]
O4K = ig2
(
DµK
)†
τa DµKFaµν O5K = ig2
(
DµK
)† DµKF0µν
O1V = g
(
K† K− v2) Faµν Faµν O2V = g (K† K− v2) F0µν F0µν
O3V = gK
† τa KFaµν F0µν O1eV = g
(
K† K− v2) ˜Faµν Faµν
O2eV = g
(
K† K− v2) F0µν ˜Faµν O3eV = gK† τa K ˜Faµν F0µν
Og = g
(
K† K− v2) Gaµν Gaµν O1f = g2 (K† K− v2) ψ¯L KtR+h. c.
O2f = g
2 (K† K− v2) ψ¯L Kc bR+h. c. O3f = ψ¯L Dµ tR Dµ K+h. c.
O4f = ψ¯L Dµ bR Dµ Kc +h. c.
Table 2: Alternative single-fermionic-current d = 6 operators
O5f =
(
K†DµK
)
ψ¯Lγµ ψL+h. c.
O6f =
(
K†DµK
)
ψ¯RγµψR+h. c.
O7f =
(
K†τaDµK
)
ψ¯LτaγµψL+h. c.
3 Simplified effective Lagrangian
Our minimal list of d = 6 operators is based on the work of Refs. [26,27] and of Refs. [28–31] (see also
Refs. [32,33], Ref. [34], Refs. [35–39], Refs. [40–42] and Ref. [43]) and is given in Table 1.
L = LSM +∑
i
ai
Λ2
O
d=6
i , (15)
The structure of the d = 6 operators is chosen in such a way that, with βh = 0, no term proportional
to 1/g will appear in the Lagrangian (a part from irrelevant constant terms). Operators containing ˜Faµν are
CP-odd, the remaining ones are CP-even.
Additional operators not included in Table 1 have been considered in Eq. (4) of Ref. [38] and are given in
Table 2. In certain models their effect can be comparable to the one of Og. However, they do not contribute
to the Hqq vertex, as explained in Ref. [38], because the vector current qγµq is conserved. For a complete
list of d = 6 operators (other than the four-fermion ones) we refer to Table 2 of Ref. [27].
For the single-fermionic-current operators we have adopted the (simplified) choice of Ref. [30], discard-
ing the chromomagnetic dipole moment operator, which affects the process gg → tt; in general it is known
how to remove derivatives acting on the spinors using integration-by-parts. For a complete classification we
refer again to Table 2 of Ref. [27] where there are 13 operators of dimension six involving single-currents
of quark fields.
If one restricts the analysis to the calculation of on-shell matrix elements then there are linear com-
binations of operators that vanish by the Equations-Of-Motion (EOM). Under this assumption there are
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redundant operators, e.g. O1K, which can be expressed in terms of a d = 4 operator
(
K† K
)2
, of OK,O∂K
and of higher dimensional Yukawa interactions involving ψ¯ ψ and three K -fields, i.e. O1,2f . Since we are
working with unstable particles, the use of EOM should be taken with due caution; indeed, only S -matrix
elements will be the same for equivalent operators but not the Green’s functions.
It has been pointed out in Ref. [44] that, even if the S -matrix elements cannot distinguish between two
equivalent operators O and O ′, there is a large quantitative difference whether the underlying theory can
generate O ′ or not. It is equally reasonable not to eliminate redundant operators and, eventually, exploit
redundancy to check S -matrix elements. If one eliminates them, whenever the Higgs boson is taken on-shell
and the full set of d = 6 operators of Ref. [27] is used, the presence of O1K is redundant, and one should set
a1K = 0. Strictly speaking, the last statement only applies to single-Higgs processes; the argument is simple
(see Appendix. D of Ref. [44]), given a theory with a Lagrangian L [φ] consider an effective Lagrangian
Leff = L + gO + g′O ′ where O −O ′ = F[φ]δL /δ φ, and F is some local functional of φ. The effect of
O ′ on Leff = L +gO is to shift g→ g+g′ and to replace φ → φ+g′F and F contains terms with several
fields, Q.E.D.
The effective Lagrangian of Eq.(15) is one possible way of parametrizing deviations of the Higgs cou-
plings to SM particles; if confirmed, these deviations require new physics models that are the ultraviolet
completion of the set of d = 6 operators. However, there are specific assumptions in considering Eq.(15),
namely decoupling of heavy degrees of freedom is assumed and absence of mass-mixing of the new heavy
scalars with the SM Higgs doublet.
We postpone a more detailed discussion of non-decoupling effects to Section 6.5; here we note that
Eq.(15) comprises all heavy physics effects at scales below Λ, and in a decoupling scenario Λ is the mass
of the additional, heavy, degree of freedom. A typical non-decoupling scenario is given by the inclusion of
a scalar triplet; here higher dimensional operators are not suppressed by inverse powers of the triplet mass.
It is considerably more difficult to construct a perfectly sensible low-energy effective theory in the non-
decoupling scenario and the construction is model dependent, e.g. it has been shown in Ref. [45] that (in the
heavy triplet case) Λ is related to the ratio of the renormalized triplet VEV to the renormalized doublet VEV.
Therefore, additional work is needed in handling models showing a non-decoupling behavior, e.g. looking
for the presence of alternative large parameters.
3.1 From the Lagrangian to the S -matrix
There are several technical points that deserve a careful comment when we construct S -matrix elements
from the Lagrangian of Eq.(15).
• Field-scaling, parameter re-definition
We perform field re-definitions so that all kinetic and mass terms in the Lagrangian of Eq.(15) have the
canonical normalization. First we define
H = H
[
1+
M2
Λ2
(
a1K +a
3
K +2a∂K
)]
, (16)
φ0 = φ 0
[
1+
M2
Λ2
(
a1K +a
3
K
)]
, φ± = ¯φ±
[
1+
M2
Λ2 a
1
K
]
, (17)
then we introduce new parameters,
M = M
(
1+ M
2
Λ2
a1K
)
, cθ = c¯θ
(
1− M
2
Λ2
a3K
)
. (18)
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Finally we rescale again the fields
Zµ = Zµ
(
1−4 M
2
Λ2
s¯θ c¯θ a
3
V
)
Aµ = Aµ
(
1+4 M
2
Λ2
s¯θ c¯θ a
3
V
)
, (19)
redefine the weak-mixing angle as
c¯θ = cˆθ
(
1−4 M
2
Λ2 sˆθ cˆθ a
3
V
)
, (20)
and introduce Higgs parameters
M2H =
[
1+
M 2
Λ2
(
a1K +a
3
K +2a∂K
)]
M 2H−16
M4
gΛ2 aK, (21)
βH =
[
1− M
2
Λ2
(
2a1K +a3K +2a∂K
)]
¯βH−4 M
4
gΛ2 aK. (22)
It is worth noting that a different definition of O if , i.e.
O
1
f = g
3 K† K ψ¯L KtR+h. c., O
2
f = g
3 K† K ψ¯L Kc bR+h. c., (23)
requires a re-definition of the t−b bare masses,
¯Mt = Mt−2
√
2
M2
Λ2 a
1
f , ¯Mb = Mb−2
√
2
M2
Λ2 a
2
f . (24)
In the option of Eq.(1) the Hff-Yukawa couplings are
LHff = L
SM
Hff−
1
2
M 2
Λ2
[
g
Mt
M
(
a3K +2a∂K
)
−4
√
2a1f
]
¯H t t
− 1
2
M 2
Λ2
[
g
Mb
M
(
a3K +2a∂K
)
−4
√
2a2f
]
¯Hb b (25)
while, following Eq.(23) and Eq.(24), we obtain
LHff = L
SM
Hff−
1
2
g
¯MtM
Λ2
(
a3K +2a∂K
)
¯H t t− 1
2
g
¯MbM
Λ2
(
a3K +2a∂K
)
¯Hb b. (26)
• gauge-fixing term
We define a modified gauge-fixing term for the W,Z -fields,
C± =−∂µ W±µ + ξW M φ±, CZ =−∂µ Zµ + ξZ
M
cθ
φ0 (27)
where the gauge-parameters are
ξW = 1−2
M 2
Λ2
a1K, ξZ = 1−2
M 2
Λ2
(
a1K +a
3
K
)
. (28)
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It is straightforward to show that
C± =−∂µ W±µ + M φ±, CZ =−
1
¯ξZ
∂µ Zµ + ¯ξZ
M
cˆθ
φ 0, (29)
where the gauge parameter is
¯ξZ = 1+4
M 2
Λ2 s¯θ c¯θ a
3
V. (30)
Note taht the photon gauge-fixing term remains unchanged, i.e.
CA =−∂µ Aµ . (31)
With our choice for the scaling factors, the parameter redefinition and the form of the gauge-fixing term it
follows that the part of the Lagrangian which is quadratic in the (bosonic) fields reads:
L
bos
2 = −∂µW+ν ∂µW−ν −M 2 W+µ W−µ −
1
2
∂µZν ∂µZν −
1
2
M 2
cˆ2θ
Zµ Zµ −
1
2
∂µAν ∂µAν
− 1
2
∂µH∂µH− 12 M
2
H H
2−∂µφ+∂µφ−−M 2 φ+φ−− 12 ∂µφ
0 ∂µ φ 0− 12
¯ξ2Z
M 2
cˆ2θ
(
φ 0
)2
+ 4
M 2
Λ2 cˆθ sˆθ
[
a3V
(
∂µZν ∂νZµ −∂µAν ∂ν Aµ
)
−2ε µναβ a3eV
(
∂µZν ∂α Zβ −∂µAν ∂αAβ
)]
+ 4(1−2 sˆ2θ )
M 2
Λ2
[
a3V
(
∂µZν ∂µAν −∂µZν ∂νAµ
)
+2ε µναβ a3eV ∂µZν ∂αAβ
]
(32)
Therefore, kinetic and mass terms are SM-like, and the bare ρ parameter is O
(
1/Λ2
)
, by construction.
• Dyson resummed propagators
Dyson resummed propagators are crucial for discussing several issues, from renormalization to Ward-
Slavnov-Taylor (WST) identities [46–48]. Consider the W or Z self-energy; in the SM we have
ΠVVµν (p2) = Π
VV
0 (p
2)δµν +ΠVV1 (p2) pµ pν . (33)
Once d = 6 operators are added the W Dyson resummed propagator remains unchanged, i.e.
∆WWµν =
δµν
p2 +M 2−ΠWW0
+
ΠWW1 pµ pν(
p2 +M 2−ΠWW0
) (
p2 +M 2−ΠWW0 −ΠWW1 p2
) , (34)
while the Z propagator changes as follows:
ΠZZ1 → ΠZZ1 +4
M 2
Λ2
sˆθ cˆθ a
3
V. (35)
For the φ propagators we get
∆ φ
0φ 0
(p2) =
1
p2 +ξ 2Z M 2cˆ2θ
, ∆ φ
+φ−
(p2) =
1
p2 +M 2
. (36)
with the gauge parameter defined in Eq.(30).
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H
Z
φ 0
ξ Z Mcˆθ
ξ Z Mcˆθ ξ Z
M
cˆθ
ξ Z Mcˆθ
= 0+ + +
Figure 1: Example of Ward-Salvnov-Taylor identity; the grey circle denotes insertion of d = 6 operators, black circles
denote the replacement of the polarization vector by i times the momentum flowing inwards. Z and φ 0 lines represent
Dyson resummed propagators.
• WST identities
With the Feynman rules developed above we can prove WST identities; we show an example in Figure 1
where one should take into account that all lines must be on-shell otherwise there are additional terms
involving FP-ghost lines, i.e. BRST-invariance requires also effective operators involving ghost-fields.
• Wave-function factors
Due to the rescaling of the fields each external leg in a S -matrix element has to be multiplied by a factor;
the argument is general, given a Lagrangian
L = Z−2 φ∆−1 φ+ J φ (37)
we have to normalize the source J in such a way that the residue of the two-point S -matrix element is one;
therefore we fix J → Z−1 J for the S -matrix element containing one external φ -line. We define Zi = 1+δZi
and obtain
δZH =
M 2
Λ2
(
a1K +a
3
K +2a∂K
)
, δZφ0 =
M 2
Λ2
(
a1K +a
3
K
)
, δZφ =
M 2
Λ2
a1K, (38)
δZW = 0, δZZ =−4 M
2
Λ2
sˆθ
cˆθ
a3V, δZA = 4
M 2
Λ2
sˆθ
cˆθ
a3V. (39)
3.2 Nature of d = 6 operators
The d = 6 operators are supposed to arise from a local Lagrangian, containing heavy degrees of freedom,
once the latter are integrated out. Of course, the correspondence Lagrangians → effective operators is not
bijective since many different Lagrangians can give raise to the same operator. Nevertheless these operators
are of two different origins [49]:
• T -operators are those that arise from the tree-level exchange of some heavy degree of freedom
• L -operators are those that arise from loops of heavy degrees of freedom.
The L -operators are usually not included in the analysis. The accuracy at which results should be presented
is given by
M = M LOSM +M
NLO
SM +M
LO
d=6, (40)
where LO means the first order in perturbation theory where the amplitude receive a contribution. To be
precise, if the underlying theory is weakly-coupled operators containing field-strength tensors cannot be
8
T -operators, and their Wilson coefficients are 1/(16pi2) suppressed. If only T -operators (coefficients of
O (1)) are included only 14 out of 34 entries in Table 2 of Ref. [27] are relevant. There is another caveat:
d = 6, L -operators have Wilson coefficients ∼ 1/(16pi2) and d = 8, T -operators are ∼ v2/Λ2; therefore,
below ≈ 3 TeV one should include both of them or none of them.
3.2.1 Insertion of d = 6 operators in loops
The question remains on insertion of d = 6 operators in SM loop diagrams. This is better discussed in
terms of a concrete example: consider the Lagrangian [29]
L = LSM− 12 ∂µS∂µS−
1
2
M2S S2 +µS K† KS, (41)
where S is a heavy (scalar) singlet The interaction is
Lint =
1
2
µS
(
H2 + φ0φ0+2φ+φ−
)
S. (42)
In the limit MS → ∞ we have
L →L LOSM +
µ2S
M2S
K†K+
µ2S
M4S
O∂K. (43)
The d = 4 operator in Eq.(43) can be absorbed through a parameter redefinition, and we are left with a
contribution to the d = 6 operator O∂K. Clearly, O∂K (as well as OK, O1K and O3K) is a T -operator [29,50,49].
H
S
← p2
← p1
Figure 2: The three-point function H3 with the insertion of the O∂K operator (left) and the same contribution in the
full Lagrangian of Eq.(41).
Imagine we want to compute the H3 Green function: we analyze the ultraviolet (UV) behavior of the
two diagrams in Figure 2. In the effective theory (left diagram) there is an UV divergence and one option
would be to subtract it by introducing counterterms in Ld=6. However, this shows how the insertion of
local operators of higher dimensionality in SM diagrams is not really consistent since, in the full theory, the
corresponding diagram is not divergent. If we introduce Λ2 = µ2S/m4S the diagram behaves like Λ−2 lnΛ,
i.e. the divergence is controlled by the heavy mass. From this point of view it is important to stress that
one should avoid using a cutoff procedure with the dimensionful parameter Λ. Computing with dimensional
regularization gives a different pole structure reflecting the different counterterms in the full and effective
theory. This difference is independent of infrared (IR) physics, since both theories have the same IR behav-
ior. As we have seen, there can also be logarithmic dependence on Λ; if these logarithms are included they
must be summed.
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To give an example we consider again the two diagrams of Figure 2 with s = −(p1 + p2)2. In the
effective theory the insertion of O∂K (left diagram in Figure 2) produces
Ieff =
3
4
g
M 2H
MΛ2
µεR
∫
dnq (q+ p1)
2(
q2 +M 2H
) (
(q+ p1 + p2)2 +M 2H
) , (44)
where n = 4− ε . Suppose that we use a cut-off regularization, the integral is O (1) for Λ→ ∞ but the same
is true for all integrals containing the insertion of On∂K operators; therefore, all these diagrams are of the
same order and cannot be neglected. In dimensional regularization (DR) we obtain
IDReff =
3
4
g
M 2H
MΛ2
[(1
2
s−3M 2H
) (
1
¯ε
− ln µ
2
R
s
)
+ finite part
]
. (45)
where 1/¯ε = 2/(4−n)− γ − lnpi and µR is the renormalization scale. In principle, we could add countert-
erms (in the ¯MS scheme) to remove the UV pole and make a choice for the scale, µR, which minimizes the
remaining logarithms in the UV finite part. After subtracting the UV pole we can say that the insertion of a
d = 6 operator produces a result
Irend=6 ∼
M 2H
Λ2 ln µR. (46)
The insertion of a d = 8 operator, always working in dimensional regularization, gives
Irend=8 ∼
M 4H
Λ4 ln µR, (47)
etc. Note that, with cutoff regularization, both integrals would be of O(1). Note that in a mass-independent
scheme like MS the conditions for the decoupling theorem are not satisfied. Furthermore, the logarithms of
the renornalization mass may become large. In principle, the problem can be solved but the solution requires
matching conditions (for a discussion see Ref. [51]).
With the full theory at our disposal we compute
Ifull =− 32 g
M 2Hµ2S
M
∫
dnq 1(
q2 +M 2H
) (
(q+ p1)2 +M2S
) (
(q+ p1 + p2)2 +M 2H
) . (48)
Working (for simplicity) with M 2H ≪ s≪M2S we obtain
Ifull =
3
2
g
M 2Hµ2S
Ms
[
ζ (2)−Li2
(
1+
s+ i0
M2S
)]
. (49)
We can identify Λ = M2S/µS , expand in s/M2S , and obtain
Ifull =− 32 g
M 2Hµ2S
MM2S
[1− 1
4
s
M2S
+
(
1− 1
2
s
M2S
)
ln−s− i0
M2S
+O
(
s2
M4S
)]
. (50)
The first term in Ifull reproduces the d = 4 operator of Eq.(43) while the second term corresponds to the
d = 6, O∂K operator. There is no UV divergence in Ifull and the logarithm is uniquely fixed.
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An alternative way to understand the two different approaches is the following: we start from Eq.(48)
and expand in the integrand
1
(q+ p1)2 +M2S
=
1
M2S
[
1− (q+ p1)
2
M2S
+ · · ·
]
, (51)
which is equivalent to inserting d ≥ 4 operators or introduce Feynman parameters:
J =
∫
dnq 1
q2
(
(q+ p1)2 +M2S
)
(q+ p1 + p2)2
=
∫ 1
0
dx
∫ x
0
dy
[
M2S (x− y)− sy (1− x)
]−1
(52)
use a Mellin-Barnes representation, and expand as follows (MS → ∞):
J =
1
2pii
∫ +∞
−∞
dv
(
M2S
)v−1
(−s)−v
∫ 1
0
dx
∫ x
0
dyB(v , 1− v) (x− y)v−1 y−v (1− x)−v
=
1
2pii
1
M2S
∫ +∞
−∞
dv Γ
2(s)Γ2(1− s)
1− s
(
−M2S
s
)v
. (53)
Here B(x,y) is the Euler beta-function. Using the well know Laurent and Taylor expansions of the Euler
gamma-function we obtain the result summing over the poles at s =−n:
J =
∞
∑
n=0
1
n+1
(−s)n(
M2S
)n+1 [ 1n+1 + ln
(
−
M2S
s
)]
. (54)
The result is manifestly UV finite, term-by-term, and has the correct structure of logarithms.
3.2.2 Admissible operators
Missing a candidate for the BSM Lagrangian, we will not deal with renormalization of composite oper-
ators; therefore, we will not include local operators in loops. To be more precise we will use the following
set of rules:
1. operators altering the UV power-counting of a SM diagram are non-admissible
2. operators that do not change the UV power-counting are admissible only in a very specific case: we
say that a set of SM diagrams is UV-scalable w.r.t. a combination of d = 6 operators if
• their sum is UV finite
• all diagrams in the set are scaled by the same combination of d = 6 operators.
To explain with one specific example, let us consider the HWW vertex with off-shell lines and no wave-
function factor inserted:
V µνHWW = −gM
[
1+
(
a3K−2a1K +2a∂K
) M 2
Λ2
]
δ µν +a4K
M
Λ2
P.Pδ µν
+ 8a1V
M
Λ2
T µν −a4K
M
Λ2
(
pµ1 p
ν
1 +2 pν1 p
µ
2 + p
µ
2 p
ν
2
)
+16a1eV
M
Λ2
εαβ µν p1α p2β (55)
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with T µν = pµ2 pν1 − p1 · p2 δ µν and P = p1 + p2. Consider the one-loop diagram contributing to H → γγ
containing a W loop: the operators O4K and O1V,O1eV change the UV power-counting of the original SM
diagram and are non-admissible.
In the one-loop (bosonic) amplitude for H → γγ there are three different contribution, a W-loop, a
charged φ -loop and a mixed W− φ loop. We find
V νHWφ = ig
[
1+
(
a3K−2a1K +2a∂K
) M 2
Λ2
]
pν1 + ia4K
p2 · p2
Λ2
pν1
+
i
2
g
[
1+
(
a3K +2a∂K
) M 2
Λ2
]
pν2 − ia4K
p1 · p2
Λ2
pν2
VHφφ = −12 g
M 2H
M
[
1+
(
a3K−2a1K +2a∂K
) M 2
Λ2
]
+gM a1K
p1 · p1 + p2 · p2
Λ2
+ gM
(
a3K−a1K +2a∂K
) P ·P+M 2H
Λ2 (56)
It is straightforward to conclude that the SM one-loop, bosonic, amplitude for H → γγ with on-shell Higgs
line is UV-scalable w.r.t. the combination
Cbos =
M 2
Λ2
(
a3K−2a1K +2a∂K
)
, (57)
which could be admissible. However, in the one-loop amplitude we also have FP-ghost loops with vertices
(see Eq.(201))
VHX±X± =−
1
2
gM
[
1+
(
a3K +2a∂K
) M 2
Λ2
]
. (58)
Therefore the bosonic component is only UV-scalable w.r.t. the combination
C1bos =
M 2
Λ2
(
a3K +2a∂K
)
. (59)
Similarly, we consider the γWW, γWφ, γφφ and γ ¯X±X± vertices, which also appear in the one-loop bosonic
amplitude for H→ γγ , and conclude that the latter is UV-scalable w.r.t. the combination
C2bos =
M 2
Λ2
cˆθ
sˆ2θ
(
4 sˆθ a3V + cˆθ a3K
)
, (60)
which is also admissible. Obviously, the wave-function factors of Eqs.(38)–(39) are also admissible. To be
more precise, the one-loop bosonic amplitude for H → γγ is made of three different families of diagrams,
shown in Figure 3. We find that the γγWW, γγWφ and γγφφ vertices are all UV-scalable w.r.t. 2C2bos.
Furthermore, the vertex γHWφ is UV-scalable w.r.t. C1bos +C2bos. The underlying algebra is such that the
quadrilinear vertex with two γs is equivalent to the square of the trilinear vertex with one γ (to O (1/Λ2))
and the quadrilinear vertex with one H is equivalent (to the same order) to the product of the two trilinear
vertices, with a γ and with a H. As a consequence, there is a non-trivial scaling factor which is admissible,
not spoiling the UV behavior.
The fermionic amplitude for H → γγ contains a top-quark loop and a bottom-quark loop. The top
contribution is UV-scalable w.r.t. the combination
Ctfer =−
1
2
g
Mt
M
[
1+
(
a3K +2a∂K
) M 2
Λ2
]
+
1
4
√
2
M 2
Λ2
[
2a1f +
P ·P−2M2t
M 2
a3f
]
, (61)
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HW/φ/X±
H
W/φ
H W/φ
Figure 3: The three families of diagrams contributing to the bosonic amplitude for H → γγ ; W/φ denotes a W -line or
a φ -line. X± denotes a FP-ghost line
while for the bottom-quark we have
Cbfer =−
1
2
g
Mb
M
[
1+
(
a3K +2a∂K
) M 2
Λ2
]
+
1
4
√
2
M 2
Λ2
[
2a2f +
P ·P−2M2b
M 2
a4f
]
. (62)
One example of L -operator is given by in Figure 4 with contributions from heavy colored scalar fields
transforming in a (C , T ,Y ) representation of SU(3) ⊗ SU(2) ⊗U(1), e.g. the (8 , 2 , 1/2) representation
of [52–55]. Since the additional colored scalar (weak-isospin) doublet contains also an electrically charged
=⇒
Figure 4: Example of diagram giving a contribution to the d = 6 operator of type L. Solid lines represent colored
scalar fields, e.g. transforming in the
(
8 , 2 , 12
)
representation of SU(3)⊗ SU(2) ⊗U(1).
scalar (and two neutral scalars) it will contribute to the decay H → γγ [56]. As long as the scalars are in a
representation (C , T ,Y ) such that ¯C ⊗ C ∋ 8 there will also be a contribution to gluon fusion.
3.3 Effective theory and renormalization
There are two conceptual frameworks to discuss renormalization and effective theories. In one case we
are only interested in setting up an expansion in power of E/Λ where Λ is the cutoff and E is the scale
relevant for a given set of processes.
Counterterms are introduced to remove UV-divergences and, in presence of d > 4 operators, an infinite
number of them is required. However, once the requested precision of the calculation is fixed only a limited
number of term is needed.
This is not the goal for Higgs physics where we want to search for new physics without committing to
a particular extension of the SM. The effective theory should simply capture the low-energy effects of the
underlying, BSM, theory and must be replaced by a new one when E is approaching Λ, where it should be
discarded. Having this difference in mind we proceed in discussing renormalization.
The processes gg → H and H → γγ are special in the sense that there is no tree-level coupling and
therefore the NLO (one-loop) amplitude is UV finite. This is not the case for other processes, i.e. H → bb
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etc. In general we will have
A = f ({aAC})
[
ALO ({p0})+ANLO ({p0})
]
+AAC ({aAC , p0}) , (63)
where {p0} is the set of bare parameters (masses and couplings), {aAC} a set of effective parameters; fur-
thermore ALO(ANLO) is the LO(NLO) SM amplitude. Since ANLO contains UV divergences we introduce
counterterms
p0 = pren +δZp, (64)
where pren is the renormalized parameter and δZp contains counterterms. If A′ denotes the derivative of the
amplitude w.r.t. parameters we obtain
A = f ({aAC})
[
ALO ({pren})+A′LO ({pren}) ⊗ {Zp}+ANLO ({pren})
]
+AAC ({aAC , pren}) . (65)
The combination
A′LO ({pren}) ⊗ {Zp}+ANLO ({pren}) (66)
is now UV finite. Note that we have replaced p0 → pren in AAC because in the full theory AAC is of the same
order of ANLO, i.e. renormalization of aAC can only be discussed in the context of the full theory. In a sense,
the aAC parameters are already the renormalized ones.
There is a final step in the procedure, finite renormalization, where we have to relate renormalized
parameters to physical quantities (e.g. e2 = g2sˆ2θ = α/(4pi)),
pren = pexp +F
({pexp}) . (67)
This substitution induces another shift in the amplitude
ALO ({pren)→ ALO
({pexp)+A′LO ({pexp) F ({pexp}) , (68)
with pren = pexp in both ANLO and AAC. This set of replacements completely defines our renormalization
procedure.
A subtle point is the following: in the process H → γγ we have a bosonic component of ALO and a
fermionic one and both are UV finite. Therefore, as long as all tree-vertices in the bosonic part are scaled
with the same factor, we would like to have
A = fbos ({aAC}) AbosLO ({p0})+ ffer ({aAC}) AferLO ({p0})+AAC ({aAC , p0}) . (69)
LO implies one-loop diagrams where the splitting bosonic-fermionic has a meaning. Once we try to go to
NLO (i.e. two-loops) the splitting is not definable and renormalization is requested, i.e. one has to insert
counterterms in the one-loop diagrams. Clearly, an arbitrary scaling of the two LO components kills two-
loop UV finiteness (at least in the electroweak sector). The two-loop electroweak corrections to H → γγ
are −1.65% at MH = 125 GeV [57], therefore neglecting them is tolerable but the internal inconsistency
remains. The effect on gg→ H is larger, O (5%).
To conclude this section we compare the BSM scenario with heavy degrees of freedom and the SM one
in the limit of infinitely massless top-quark. In this case we have a coupling Hgg of the form
L∫ =−1
4
λSM HGaµν Gaµν , (70)
where λSM has inverse mass dimension. The important point is that λSM is computed by matching the effec-
tive theory to the full SM [58–69]. Even more important is the fact that λSM in the effective theory is the
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renormalized one, with its renormalization constant computed to all orders [70]. Therefore, the logical steps
are: first renormalization in the full theory, then construction of the effective one.
To be more precise we consider a theory with both light and heavy particles; the Lagrangian is L (m)
where m is the mass of the heavy degree of freedom. Next, we introduce the corresponding Leff, the effective
theory valid up to a scale Λ = m. We renormalize the two theories, say in the MS-scheme (taking care that
loop-integration and heavy limit are operations that do not commute), and impose matching conditions
among renormalized “light” 1PI Green’s functions
ΓRfull(µ) = ΓReff(µ), µ ≤m. (71)
For the case where the full theory is the SM and m = MH the whole procedure has been developed in
Ref. [71].
4 Higgs vertices
We are now in the position of writing the complete expression for vertices. There are different level
of implementation and accuracy. We start with LO-inspired accuracy where the SM vertices are at LO and
the tensor structure of the vertices is the same as the LO SM one but every coefficient coming from the
effective Lagrangian is kept. Next we go to LO-improved accuracy where extra tensor structures from the
effective Lagrangian is included. Finally there is an NLO-inspired accuracy where the SM components are
at NLO but contributions from d = 6 operators are included only under the constraint that they do not spoil
UV-finiteness. With the introduction of the following tensors we obtain
T µν = pµ2 p
ν
1 − p1 · p2 δ µν , Pµν = pµ1 pν1 +2 pν1 pµ2 + pµ2 pν2 , Eµν = εαβ µν p1α p2β . (72)
P
µ p1
ν p2
HAA 8 MΛ2
(
sˆ2θ a
1
V + cˆ
2
θ a
2
V +gcˆθ sˆθ a
3
V
)
T µν
+ 16 MΛ2
(
sˆ2θ a
1
eV + cˆ
2
θ a
2
eV +gcˆθ sˆθ a
3
eV
)
Eµν (73)
P
µ p1
ν p2
HZZ −g M
cˆ2θ
[
1−
(
2a1K +a3K−2a∂K
) M 2
Λ2
]
δ µν
+
M
Λ2
M 2H
cˆθ
(
sˆθ a
5
K− cˆθ a4K
)
δ µν
+ 8 M
Λ2
(
cˆ2θ a
1
V + sˆ
2
θ a
2
V−gcˆθ sˆθ a3V
)
T µν
+ 16 MΛ2
(
cˆ2θ a
1
eV + sˆ
2
θ a
2
eV−gcˆθ sˆθ a3eV
)
Eµν
+
M
Λ2 cˆθ
(
sˆθ a
5
K− cˆθ a4K
)
Pµν (74)
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P
µ p1
ν p2
HAZ
[
4gcˆθ
(
1−2 sˆ2θ
)
a3V +8 cˆ2θ sˆθ
(
a1V−a2V
)
−
(
cˆθ a
5
K + sˆθ a
4
K
) M
Λ2 cˆθ
]
T µν
+ 8 M
Λ2
[
g
(
1−2 sˆ2θ
)
a3eV +2 cˆθ sˆθ
(
a1eV−a2eV
)]
Eµν
− M
Λ2 cˆθ
(
cˆθ a
5
K + sˆθ a
4
K
)
pµ1 p
ν
1 (75)
P
µ p1
ν p2
HW+W− −gM
[
1−
(
2a1K−a3K−2a∂K
) M 2
Λ2
]
δ µν
+ 8 MΛ2 a
1
V T
µν +
M
Λ2 a
4
K (P ·Pδ µν −Pµν)
+ 16 M
Λ2
a1eV E
µν (76)
P
µ a p1
ν b p2
Hg g 8 M
Λ2
ag δ a,b T µν (77)
P
µ p1
ν p2
Ht t −1
2
g
Mt
M
[
1+
(
a3K +2a∂K
) M 2
Λ2
]
+ 2
√
2
M 2
Λ2 a
1
f +
1
4srt
P2
Λ2 a
3
f (78)
Similarly for f = b we have
H(P)→ b(p1)+b(p2) = −12 g
Mb
M
[
1+
(
a3K +2a∂K
) M 2
Λ2
]
+ 2
√
2 M
2
Λ2
a2f +
1
4
√
2
P2
Λ2
a4f (79)
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5 Z couplings
The Zff vertex can be parametrized as follows:
ig
2cˆθ
ρf γµ
[
I3f (1+ γ5)−2Qf κf sˆ2θ
]
, (80)
where I3f is the third component of isospin and Ql =−1, Qν = 0, Qu = 2/3 and Qd =−1/3. The anomalous
part reads as follows;
∆ρf =
M 2
Λ2
[
a3K−32Qf I3f (1− sˆθ )) cˆ3θ a3V
]
,
∆κf = 2
M 2
Λ2
cˆ2θ
sˆ2θ
[
a3K +4
(
1+4Qf I3f sˆθ (1− sˆθ )
)
sˆθ cˆθ a
3
V
]
(81)
6 Partial decay widths
In this Section we compute the partial decay widths of the Higgs boson for the most relevant channels:
first we introduces the dimensionless coupling
g6 =
1
GF Λ2
= 0.085736
(
TeV
Λ
)2
(82)
which parametrizes deviations from the SM results. Furthermore, we introduce new couplings
ga1V = A1V, ga2V = A2V, g2 a3V = A3V, gag = Ag (83)
g2 a1K = A1K, g2 a3K = A3K, g2 a∂K = A∂K, (84)
ga1f =
1
4
√
2
Mt
M
A1f , ga2f =
1
4
√
2
Mb
M
A2f , (85)
and express all amplitudes in terms of a SM-component (eventually scaled by the effect of d = 6 operators)
and by a contact component, as shown in Figure 5. We introduce an auxiliary coefficient,
A0K = A1K +2
A3K
sˆ2θ
+4A∂K. (86)
∑i i +
Figure 5: Amplitude for a two-body decay of the Higgs boson (dash line) including LO+NLO SM contributions with a
sum over all one-loop diagrams (i); SM diagrams are eventually multiplied by a universal scaling from d = 6 operators
(black circle); the grey circle represents a contact term.
We will now show results for various decay processes.
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• H→ γγ
For H→ γγ the SM amplitude reads
MSM = FSM
(
δ µν +2 p
ν
1 p
µ
2
M 2H
)
eµ (p1) eν (p2) (87)
where
FSM =−gM FWSM −
1
2
g
M2t
M
F tSM−
1
2
g
M2b
M
FbSM. (88)
FWSM = 6+
M 2H
M 2
+6
(
M 2H−2M 2
)
C0
(
−M 2H , 0 , 0; M ,M ,M
)
,
F tSM = −8−4
(
M 2H−4M2t
)
C0
(
−M 2H , 0 , 0; Mt ,Mt ,Mt
)
, (89)
etc. The C0 function is given by
C0
(−M2 , 0 , 0; m ,m ,m)=− 1
2M2
ln2 (1− x)
1/2 +1
(1− x)1/2−1 , (90)
where x = 4(m2− i0)/M2. Note that there is no need to split the result for this C0 -function into the two
regions x > 1 and x≤ 1 since the i0 prescription uniquely defines the analytic continuation. We find
MH→γγ =
(
4
√
2GF
)1/2 {
− α
pi
[
CγγW F
W
SM +3Q2t Cγγt F tSM +3Q2b Cγγb FbSM
]
+FAC
}
FAC =
g6√
2
M 2H
(
sˆ2θ A1V + cˆ2θ A2V + cˆθ sˆθ A3V
)
. (91)
where the scaling factors are given by
CγγW =
1
4
M 2
{
1+
g6
4
√
2
[
8A3V cˆθ
(
sˆθ +
1
sˆθ
)
+A0K
]}
(92)
for the W-loop and
Cγγt =
1
8 M
2
t
{
1+
g6
4
√
2
[
8A3V cˆθ
(
sˆθ +
1
sˆθ
)
+A0K−A1f
]}
(93)
Cγγb =
1
8
M2b
{
1+ g6
4
√
2
[
8A3V cˆθ
(
sˆθ +
1
sˆθ
)
+A0K−A2f
]}
(94)
for the quark loops.
The amplitude is the sum of the W, t and b SM components, each scaled by some combination of
Wilson coefficients, and of a contact term. The latter is O (g6) while the rest of the corrections is O
(
α
pi g6)
)
.
However, one should remember that OiV are operators of L -type, i.e. they arise from loop correction in
the complete theory. Therefore, the corresponding coefficients are expected to be very small although this
is only an argument about naturalness without a specific quantitative counterpart (a part from a 1/(16pi2)
factor from loop integration).
The result for H→ gg follows straightforwardly.
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• H→ gg
The result for H→ gg is straightforward. Including also the b -loop we obtain
MH→gg =
(
4
√
2GF
)1/2 [
−
αs(M 2H)
pi
(
Cggt F
t
SM +C
gg
b F
b
SM
)
+
g6√
2
M 2H Ag
]
(95)
where the scaling of the quark components is given by
Cggt =
1
16 M
2
t
[
1+
g6
4
√
2
(
A0K−A1f
)]
(96)
Cggb =
1
16 M
2
b
[
1+ g6
4
√
2
(
A0K−A2f
)]
(97)
• H→ bb
For the H → bb amplitude we have to examine again if the are UV-scalable diagrams. In this case there is
a tree-level amplitude, and renormalization is required. At NLO there are two type of diagrams, the abelian
ones involving the H¯ff vertex and the non-abelian ones involving a HVV (HVφ,Hφφ) vertex. Therefore we
have to search for the unique combination that multiply all the vertices, which is
4
M 2
Λ2 a∂K. (98)
The SM amplitude reads as follows:
M
SM
H→bb = g
3 Mb
M
FSMH→bb u¯(p2)v(p1). (99)
The expression for FSMH→bb can be found in Section 5.9.4 of Ref. [24]. Renormalization and QCD corrections
are discussed in Section (11.2−11.4) of Ref. [24]. The complete amplitude for H→ bb is
MH→bb =
(
4
√
2GF
)1/2
Mb u¯(p2)v(p1)
{GF M 2
pi2
Cbb FSMH→bb
+
g6
128
√
2
[M 2H
M 2
A4f −16
(
A3K +2A∂K +A2f
)]}
, (100)
Cbb = 1
2
√
2
[
1+
g6
4
√
2
(
A1K +A3K +6A∂K
)]
. (101)
In the SM, NLO corrections to the amplitude include a QED part so that, technically speaking, the process
is H→ bb(γ), i.e. real corrections are added. There is also a contribution from the d = 6 operators
ig
3
√
2Λ2
sˆθ A4f ¯bγ5 bAµ ∂µH, (102)
which, however, is not infrared divergent and will not be included.
In this Section we have considered partial decay widths of the SM Higgs boson; in the SM, the common
belief is that (for a light Higgs boson) the product of on-shell production cross-section (say in gluon-gluon
fusion) and branching ratios (zero-width approximation or ZWA) reproduces the correct result to great
accuracy. The work of Ref. [72] shows the inadequacy of ZWA for a light Higgs boson signal at the level
of 5%. Therefore, one should always implement the results of this Section within a consistent off-shell
formulation of the problem.
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6.1 gg→H
In ZWA the inclusive cross section for the production of the SM Higgs boson in hadronic collisions can
be written as
σ
(
s,M2H
)
= ∑
i, j
∫ 1
0
dx1
∫ 1
0
dx2 fi/h1
(
x1,µ2F
) f j/h2 (x2,µ2F) ×
×
∫ 1
0
dzδ
(
z−
M2H
sx1x2
)
zσ (0) Gi j
(
z;αs(µ2R),M2H/µ2R;M2H/µ2F
)
, (103)
where
√
s is the center-of-mass energy and µF and µR stand for factorization and renormalization scales.
In Eq.(103) the partonic cross section for the sub-process i j → H +X , with i( j) = g,q,q, has been
convoluted with the parton densities fa/hb for the colliding hadrons h1 and h2. The Born factor σ (0) reads
σ (0) =
GF
288
√
2pi
∣∣∣∣∣ ∑q=t,b M SMq
∣∣∣∣∣
2
, (104)
where GF is the Fermi-coupling constant; the amplitude is generalized to
M = ∑
q=t,b
c
gg
q M
SM
q +MAC, (105)
where the last term is induced by the operator Og, and where the scaling factors are
c
gg
t = 1+
g6
4
√
2
(
A0K−A1f
)
c
gg
b = 1+
g6
4
√
2
(
A0K−A2f
)
. (106)
Since M SMt and M SMb are separately UV finite it is possible to include NLO(NNLO) QCD corrections even
in presence of anomalous scaling factors The coefficient functions Gi j of Eq.(103)can be computed in QCD
through a perturbative expansion in the strong-coupling constant αS,
Gi j
(
z;αs(µ2R),M2H/µ2R;M2H/µ2F
)
= α2s (µ2R)
∞
∑
n=0
(
αs(µ2R)
pi
)n
G(n)i j
(
z;M2H/µ2R;M2H/µ2F
)
, (107)
with a scale-independent LO contribution given by
G(0)i j (z) = δig δ jg δ (1− z) . (108)
The NLO QCD coefficients have been computed in Ref. [73], keeping the exact Mt and Mb dependence.
NNLO results have been derived in Ref. [74] in the large Mt limit (see Ref. [75] for the NLO case); analytical
expressions can be found in Ref. [64]. The accuracy of these fixed-order computations has been improved
with soft-gluon resummed calculations [76–78].
QCD corrections cannot be implemented in the additive part of Eq.(105). To do that one needs a model
for Og, as done in Section 2 of Ref. [54] where the SM is extended to included colored scalars, so that one
has
M = ∑
q
Mq +∑
S
MS, (109)
where fermions and scalars transform according to some (C , T ,Y ) representation of SU(3) ⊗ SU(2) ⊗
U(1), as long as ¯C ⊗ C ∋ 8. Complete QCD corrections for fermion and scalar amplitudes have been
computed in Ref. [54].
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6.2 Simplified scenario
If we restrict the scenario to bosonic T -operators only (aK , a1,3K and a∂K) the scaling factors are:
CγγW =C
γγ
t =C
γγ
b =
1
4
M 2
[
1+
g6
4
√
2
A0K
]
(110)
Cggt =
1
16 M
2
t
[
1+
g6
4
√
2
A0K
]
Cggb =
1
16 M
2
b
[
1+
g6
4
√
2
A0K
]
(111)
Cbb = 1
2
√
2
[
1+
g6
4
√
2
(
A1K +A3K +6A∂K
)]
. (112)
The contact terms are all zero but
M
ct
H→bb =−
g6
16
√
2
Mb
(
A3K +2A∂K
)
. (113)
In this case it is not possible to differentiate bosonic loops from quark loops.
6.3 BSM Lagrangians
By BSM Lagrangians we mean those Lagrangians containing new, heavy degrees of freedom that can
produce d = 6 operators when the heavy particles are integrated out. One of the most important questions is
about the sign of the Wilson coefficients ai in Eq.(15), i.e. to find the set of coefficients such that
{ai | ai > 0} ∈ {L+}. (114)
Before entering the discussion on BSM Lagrangian we recall few, well-know, facts about tree-level custodial
symmetry. The SM Higgs potential is invariant under SO(4); furthermore, SO(4) ∼ SU(2)L ⊗ SU(2)R and
the Higgs VEV breaks it down to the diagonal subgroup SU(2)V. It is an approximate symmetry since the
U(1)Y is a subgroup of SU(2)R and only that subgroup is gauged. Furthermore, the Yukawa interactions are
only invariant under SU(2)L ⊗U(1)Y and not under SU(2)L ⊗ SU(2)R and therefore not under the custodial
subgroup. Therefore, if we require a new CP-even scalar, which is also in a custodial representation of the
group, the W/Z -bosons can only couple to a singlet or a 5-plet, as discussed in Ref. [79]. If (NL , NR)
denotes a representation of SU(2)L ⊗ SU(2)R, the usual Higgs doublet scalar is a (2 , ¯2), while the (3 , ¯3) =
1 ⊕ 3 ⊕ 5 contains the Higgs-Kibble ghosts (the 3), a real triplet (with Y = 2) and a complex triplet (with
Y = 0). The Georgi - Machaceck model [80] has EWSB from both a (2 , ¯2) and a (3 , ¯3).
To introduce the discussion on BSM Lagrangians we define the following quantity:
∆C = g6 A0K. (115)
Assuming A3V = 0 and requiring that the coupling HW+W− in the decay H→ γγ has the standard value, i.e.
that
CγγW =C
γγ
W
∣∣∣
SM
(116)
we obtain the condition ∆C = 0. We now examine different models and explicitly compute the corresponding
value for ∆C. At the same time we address the question of models allowing for non-standard coupling Htt
in the loop for H→ γγ .
In general, the basis for a representation of SU(2) can be characterized [81] as a tensor field
ψi1 ··· in → Gi1 j1 · · · Gin jn ψ j1 ··· jn , (117)
21
where G are SU(2) -matrices. An irreducible representation of spin n/2 is characterized by a totally sym-
metric field with n indices. The hermitian conjugate ψ†i1 ··· in transforms according to the complex conjugate
representation, ψi1 ··· in and indices can be lowered using the metric tensor ei j. To define the covariant deriva-
tive we introduce
Ii
′
1 ··· i′n
i1 ··· in =
n
∏
r=1
δ i
′
r
ir (118)
Di
′
1 ... ˆi′l ... i
′
n
i1 ... ˆil ... in
=
l−1
∏
r=1
δ i
′
r
ir
(
− i
2
τa
)i′l
il
n
∏
s=l+1
δ i
′
s
is , U
i′1 ... ˆi′l ... i
′
n
i1 ... ˆil ... in
=
l−1
∏
r=1
δ i
′
r
ir
(
i
2
τa
)i′l
il
n
∏
s=l+1
δ i
′
s
is . (119)
The covariant derivative is
(
Dµ ψ
) j1 ... jn
i1 ... in
=
{
Ii
′
1 ··· i′n
i1 ··· in I
j1 ··· jn
j′1 ··· j′n ∂µ +gW
a
µ I
j1 ··· jn
j′1 ··· j′n
n
∑
l=1
Di
′
1 ... ˆi′l ... i
′
n
i1 ... ˆil ... in
+ gWaµ I
i′1 ··· i′n
i1 ··· in
n
∑
l=1
U j1 ... ˆjl ... jnj′1 ... ˆj′l ... jn
}
ψ j
′
1 ... j′n
i′1 ... i′n
, (120)
where a = 0, . . . ,3, W1,2,3µ = B
1,2,3
µ and W0µ = g1 B0µ .
Here are a few examples of BSM Lagrangians.
• Example 1
Consider the following Lagrangian [29]:
L1 = LSM +Ls (121)
Ls = − 12 ∂µS∂µS−
1
2
M2S S2 +µS K†KS−
1
2
(
Dµη
)a (Dµη)a− 12 M2η ηaηa
+ µT K†τaKηa−
(
Dµ ξ
)†a (Dµ ξ)a−M2ξ ξ†aηa + [µξ K†τaKcξa +h.c.] (122)
where S is a scalar singlet and η,ξ are scalar triplets with different hypercharge, see Refs. [16,82]. To be
more precise, η can be written as a complex symmetric tensor of rank two and ξ as a traceless tensor. In our
case we introduce
XS =
µ2S
GF M4S
, Xη =
µ2η
GF M4η
, Xξ =
| µξ |2
GF M4η
. (123)
Projecting onto the d = 6 operators we obtain
∆C =−2
[( 2
sˆ2θ
−1
)
Xη−2XS−2
(
1+
2
sˆ2θ
)
Xξ
]
. (124)
The scenario of Eq.(116) has a solution
XS =
(
1
sˆ2θ
− 1
2
)
Xη−
(
1+
2
sˆ2θ
)
Xξ, (125)
which requires the condition
Xη ≥ 2
2+ sˆ2θ
2− sˆ2θ
Xξ. (126)
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• Example 2
Alternatively, we could consider a Lagrangian [29]
L2 = LSM +Lv (127)
Lv = −14 Vµν Vµν −
1
2
M2V VµVµ − igV Vµ
[(
(Dµ K
)† K−K† Dµ K]
− 1
4
Uaµν U
aVµν − 12 M
2
U VaµV
a
µ −
i
2
gU V aµ
[(
(Dµ K
)†
τa K−K† τa Dµ K
]
, (128)
which contains I = 0 and I = 1 new vector fields; introducing
XV U =
g2V,U
GF M2U,V
(129)
we obtain that the scenario of Eq.(116) requires
XU = 8
cˆ2θ
sˆ2θ
PXV. (130)
• Example 3
A mixture of vector and scalar fields [29], e.g.
L3 = LSM +Lsv (131)
Lsv = − 12 ∂µS∂µS−
1
2
M2S S2 +µS K†KS−µVS Vµ ∂µS,
− 1
4
Vµν Vµν −
1
2
M2V VµVµ − igV Vµ
[(
Dµ K
)† K−K† Dµ K]
− 1
4
Uaµν U
aVµν − 12 M
2
U VaµV
a
µ −
i
2
gU V aµ
[(
Dµ K
)†
τa K−K† τa Dµ K
]
, (132)
gives
∆C = 1
2
XU−4
cˆ2θ
sˆ2θ
XV +4XS
(
1−
µ2VS
M2V
)
. (133)
The scenario of Eq.(116) requires large values for µVS. When we include all scalar an vector fields, Eq.(116)
is satisfied by
XU = 4
[
2
cˆ2θ
sˆ2θ
XV +Xη−6Xξ−2XS
(
1−
µ2VS
M2V
)]
(134)
• Example 4
In order to differentiate the bosonic amplitude from the fermionic one we need O1,2f . One way to introduce
them is to consider an additional Lagrangian,
L4 = LSM +Lχ (135)
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where χ is a doublet
Lχ = − 12
(
Dµχ
)† Dµ χ− 12 M2χ χ†χ+
[
λχ
(
K†K
) (
K†χ
)
+h.c.
]
+
[
Yχ ψ¯L χ
c tR+ yχ ψ¯L χbR+h.c.
]
, (136)
which would produce a1f of the order of (Yχ λχ)/M2χ .
Finally, we examine the possibility of a non-zero FAC in Eq.(91). This requires OV operators. One option
is to include colored scalar fields [56] but we could also include a real triplet [80,82,83]
ξ† = (ξ− , ξ0 , ξ+) , (137)
with hypercharge Y = 0. The Lagrangian reads as follows
Lξ =−
(
Dµξ
)† Dµξ−M2ξ ξ†ξ+λξ (K†K) (ξ†ξ) , (138)
with covariant derivative Dµ = ∂µ − igBaµ Ta and
T1 =
1√
2

0 1 01 0 1
0 1 0

 T2 = 1√2

0 −i 0i 0 −i
0 i 0

 T3 =

1 0 00 0 0
0 0 −1


which gives the following couplings:
i sθ Aµ
(ξ+∂µξ−− ξ−∂µ ξ+) 4λξ Mg Hξ+ξ−, −g2 s2θ AµAµ ξ+ξ− (139)
and produces a loop of ξscalars in the Hγγ coupling.
Additional examples of BSM Lagrangians can be found in Refs. [84,85] and in Ref. [86]. General
studies can also be found in Refs. [87,88,8].
6.4 MSSM
In this paper we assume that the starting point in comparing theory with data is the SM. Another choice
could be to start from the Minimal-Supersymmetric Standard Model (MSSM); in this case all the amplitudes
should be replaced, e.g.
MSM (H→ γγ)→ MMSSM (h→ γγ)
= MSM (h→ γγ)+ghH+H−
M2W
M2H±
A0
(
τH±
)
+ ∑
f
N fc Q2f gh˜f˜f
M2W
M2
˜f
A0
(
τ
˜f
)
+∑
i
ghχ+i χ−i
M2W
M2χi
A 1
2
(
τχi
) (140)
with τi = M2H/(4M2i ) and
A 1
2
(τ) =
2
τ2
[
τ+(τ−1) f (τ)
]
, A0(τ) =− 1
τ2
[
τ− f (τ)
]
, (141)
and
f (τ) =−1
4
ln2
√
1− τ−1 +1√
1− τ−1−1 . (142)
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Here ghXX is the coupling of h to X = {H± , ˜f , χ±i }.
Given the number of free parameters in the MSSM that are relevant for Higgs phenomenology, the
present experimental information will clearly not be sufficient to fit the MSSM parameters and a further set
of Wilson coefficients for d = 6 operators.
An alternative option would be to integrate out the heavy MSSM Higgses (since Buchmüller - Wyler
basis only has a single Higgs field). By squaring the corresponding MSSM interaction Lagrangian and
contracting the propagators in all possible ways the coefficients will be calculable.
6.5 Decoupling
In this Section we study the problem of decoupling of high degrees of freedom by considering again the
decay H → γγ . To be fully general we assume the existence of heavy fermions and scalar that transform
according to generic Rf and RS representations of SU(3) [56]. The BSM amplitude is based on couplings
Hff = 1
2
gλf
Mf
MW
, HS+S− = gλS
µ2S
MW
, (143)
where the λs are numerical coefficients (model dependent) and µS has the dimension of a mass. The HS+S−
vertex follows from the following choice of the potential:
V =VSM +2
(
M2S−λS µ2S
)
TrS†S+g2 λS
µ2S
M2
(
K†K
)
TrS†S+ · · · (144)
where S = Sa Ta (Ta are the generators in the RS representation) and where the trace is over color and SU(2)
indices of the field S,
S = 1√
2
(
S0a + iS3a√
2 iS−a
)
e.g. S in the
(
8 , 2 , 12
)
of SU(3)⊗SU(2)⊗U(1). The amplitude reads as follows:
MBSM (H→ γγ) = Ncf λf Q2f Mf +NcS λS Q2S
µ2S
M2S
MS. (145)
where Q is the electric charge of the particle and Nc is the color factor. In the SM we have
λf = 1, λS = 0, Ncf = 3 and Rf = 3. (146)
The amplitudes are
Mf =
2
τ2f
[
τf +
(
τf−1
) f (τf)] MS =− 1
τ2S
[
τS− f
(
τS
)] (147)
with τi = M 2H/(4M2i ). In the limit Mi → ∞ we have
f (τi) = τi + τ
2
i
3
+O
(
τ2i
)
. (148)
The limit τi → 0 gives
MBSM (H→ γγ)→ 43 N
c
f λf Q2f +
1
3 N
c
S λS Q2S
µ2S
M2S
(149)
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showing decoupling for PS. As stated in Ref. [56] there is decoupling in the theory when v =
√
2M/g≪
MS; therefore, colored scalars disappear from the low energy physics as their mass increases (Appelquist-
Carazzone “decoupling theorem” [89]). However, the same is not true for fermions, as shown in Eq.(149).
We repeat here the argument of Ref. [90]: for a given amplitude involving a massive degree of freedom
(with mass m), in the limit m → ∞ we will distinguish decoupling A ∼ 1/m2 (or more), screening A →
constant (or lnm2) and enhancement A ∼ m2 (or more). Any Feynman diagram contributing to the process
has dimension one; however, the total amplitude must be proportional to T µν = pµ2 pν1 − p1 · p2 δ µν because
of gauge invariance. For any fermion f the Yukawa coupling is proportional to mf/MW and T has dimension
two; therefore, the asymptotic behavior of any diagram must be proportional to T/mf when mf → ∞. The
part of the diagram, which is not proportional to T , will cancel in the total because of gauge invariance (all
higher powers of mf will go away and this explains the presence of huge cancellations in the total amplitude).
At LO there is only one Yukawa coupling as in NLO(NNLO) QCD where one add only gluon lines, so there
is screening.
It is worth noting, once again, that electroweak NLO corrections change the scenario: there are diagrams
with three Yukawa couplings, therefore giving the net m2f behavior predicted in [91], so there is enhancement
and, at two-loop level, it goes at most with m2f . At the moment, the NLO electroweak corrections for heavy
scalar are missing and no conclusion can be drawn on decoupling at NLO.
In conclusion the decoupling theorem [89] holds in theories where masses and couplings are indepen-
dent. In all theories where masses are generated by spontaneous symmetry breaking the theorem does not
hold in general. Another typical example is given by the inclusion of a Higgs triplet: if the triplet develops
a vacuum expectation value vξ(vη) then the ρ -parameter deviates from unity at the tree-level [92,93] with
ρLO = 1−2
√
2GF v2ξ , for Y = 1
ρLO = 1+2
√
2GF v2η, for Y = 0. (150)
We will not discuss details of renormalization but one should always remember that whenever ρ 6= 1 at
tree-level quadratic power-like contribution to ∆ρ are absorbed by renormalization of the new parameters of
the model and ρ is not a measure of the custodial symmetry breaking [94]. Alternatively we could impose
custodial symmetry, vξ = vη, in a model with both triplets; an example is found in Ref. [80] containing
SU(2)L ⊗ SU(2)R multiplets.
As far as the triplet contribution to H → γγ is concerned it is also known [94] that decoupling occurs
only for special values of the mixing angles in the triplet sector.
An important tool in studying decoupling of heavy degrees of freedom is given by the m-theorem, proved
in Ref. [95]: the theorem gives sufficient conditions for a loop integral to vanish in the large m -limit. For
the one-loop case it concerns
I = mα
∫
d4q P(q)∏i
(
k2i +m2i
)ni , (151)
where
ki = q+
N
∑
j=1
λi j p j, mi = 0 or m, (152)
P(q) is a monomial in the components of q, {p} are the external momenta and α is an arbitrary real number.
Let ω be the IR degree of I at zero external momenta; we define
d = dim I, Ω = min{0 , ω}. (153)
If I is both UV and IR convergent and d < Ω then I → 0 when m→ ∞.
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In conclusion one should say that BSM Lagrangians can be also classified according to decoupling.
Thus the strategy can be summarized as follows: first, fix benchmark models to parametrize deviations from
the SM, then search for
benchmark models
{ ∈ d = 6operators ∈ {Ldec}
∈ {Lnon-dec}
6.6 Mixing
There is one assumption in Eq.(15) and in its interpretation in terms of ultraviolet completions: the
absence of mass mixing of the new heavy scalars with the SM Higgs doublet. Presence of mixings changes
the scenario; consider for instance a model with two doublets and Y = 1/2 (THDM), φ1 and φ2. These
doublets are first rotated, with an angle β , to the Georgi-Higgs basis and successively a mixing-angle α
diagonalizes the mass matrix for the CP-even states, h and H. The SM-like Higgs boson is denoted by h
while the VEV of H is zero. The couplings of h to SM particles are almost the same of a SM Higgs boson
with the same mass (at LO) only if we assume sin(β −α) = 1. Therefore, interpreting large deviations in
the couplings within a THDM should be done only after relaxing this assumption.
The case of triplet-like scalars is evem more complex; in the simplest case of a triplet with Y = 1 there
are four mixing angles, all of them entering the coefficients of
1
τ2S
[
τS− f
(
τS
)] (154)
in the amplitude for h→ γγ (where S = H+,H++) and giving the couplings hH+H− and hH++H−−, where
h is the SM-like Higgs boson. Only in a very special case, requiring also zero VEV for the triplet, these
couplings assume the simplified form
chH+H− = 2
M2+
v
, chH++H−− = 2
M2++
v
, (155)
where v is the SM Higgs VEV. Furthermore, decoupling of the charged Higgs partners depends on the
mixing angles and it is the exception not the rule.
7 Decays into 4 -fermions
With a light Higgs boson the decay H → VV is not open, and one should consider the full H → 4f
channel. In order to understand how the calculation can be organized we start with H→ ZZ where both Zs
are real and on-shell.
• H→ ZZ
The SM amplitude is
M
µν
SM =−g
M
cˆ2θ
{[
FSM ,LO +
g2
16pi2 F
SM ,NLO
D
]
δ µν + g
2
16pi2 F
SM ,NLO
T T
µν
}
, (156)
where
T µν =
pν1 p
µ
2
p1 · p2 −δ
µν . (157)
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We introduce auxiliary coefficients
A±K = A
5
K sˆθ ±A4K cˆθ , ¯A0K = A1K +A3K +2A∂K. (158)
The full amplitude reads as follows
M
µν = 25/4 G1/2F (MD δ µν +MT T µν) , (159)
MD =
g6
4
√
2
M 2
cˆ3θ
[(
8A3V sˆθ cˆθ +A1K−4A∂K
)
cˆθ +2A+K
]
− M
2
cˆ2θ
FSM ,LO
[
1− g6
4
√
2
(
8A3V sˆθ cˆθ − ¯A0K
)]
− GFM
4
2
√
2 cˆ2θ pi2
FSM ,NLOD
[
1− g6
4
√
2
(
8A3V sˆθ cˆθ − ¯A0K
)]
(160)
MT = − g6√2 M
2
H
[
A3V cˆθ sˆθ −A2V sˆ2θ −A1V cˆ2θ −
1
4
A−K
1
cˆθ
]
− GFM
4
2
√
2 cˆ2θ pi2
FSM ,NLOT
[
1− g6
4
√
2
(
8A3V sˆθ cˆθ − ¯A0K
)]
(161)
Following the same strategy we consider the case MH < 2MZ. The process to consider is then
• H→ Zff
which means H → ZZ∗ → Zff. If we work at LO and only include local operators proportional to the
tree-level HZZ coupling, then the SM amplitude is multiplied by a factor
M
Z
LO = M
SM
LO
(
1+
g6
4
√
2
κ
Z
AC
)
(162)
where the correction w.r.t. the SM is given by
κ
Z
AC =
M 2H
M 2
cˆ2θ
(
cˆθ A4K− sˆθ A5K
)
−A1K +4A∂K−4 sˆθ cˆθ A3V (163)
Therefore we can use (at LO), the SM result and write
Γ(H→ ZZ∗) = ∑
f
Γ
(
H→ ZZ∗→ Zff)= (1+ g6
2
√
2
κ
Z
AC
)
ΓSM (H→ ZZ∗) , (164)
where the SM partial width is
ΓSM (H→ ZZ∗) =
G2FM 40
64pi3 MH F
(
M 20
M 2H
) (
7− 40
3
sˆ2θ +
190
9 sˆ
4
θ
)
. (165)
F is the three-body decay phase-space integral,
F(x) = (x−1)
(
47
2
x− 13
2
+
1
x
)
+
3
2
(
1−6x+4x2) lnx
+ 3 1−8x+20x
2
√
4x−1 arccos
(
1
2
3x−1
x3/2
)
. (166)
Note that this result cannot be extended beyond LO.
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• H→Wff′
Similarly to the previous case we have a correction factor
κ
W
AC =
M 2H
M 2
A4K−A1K +2A3K +4A∂K, (167)
and the partial decay width can we written as follows:
ΓSM (H→WW∗) = 3G
2
FM
4
32pi3 MH F
(
M 2
M 2H
)
. (168)
Taking the ratio we obtain
RZW =
Γ(H→ ZZ∗)
Γ(H→WW∗) = R
SM
ZW
(
1− g6
2
√
2
rZW
)
(169)
where the correction factor is
rZW = 2A3K +4 sˆθ cˆθ A3V +
M 2H
M 2
sˆθ
(
sˆθ A4K + cˆθ A5K
)
. (170)
• H→ ZZ→ fff′f′
However, if we want to deal with the whole process without approximations the final state is 4-fermions
(say eeµµ) and the SM amplitude has also non-factorizable contributions (e.g. pentagons).
MSM = M
νν
fc (p1, p2) ∆µα (p1) ∆νβ (p2) Jα (q1,k1) Jβ (q2,k2)+Mnfc (p1, p2) , (171)
where J is the fermionic current
Jµ (q,k) = gu¯(q)γµ
(
vf +af γ5
)
v(k), p = q+ k. (172)
Furthermore, ∆µν(p) is the Z propagator and Mnfc collects all diagrams that are not doubly (Z) resonant.
The question is: can we extract informations on
FSMD = F
SM ,LO +
g2
16pi2 F
SM ,NLO
D F
SM
T =
g2
16pi2 F
SM ,NLO
T , (173)
or deviations from the two SM structures from the decay H→ 4f?
The form of the Z propagator depends on the choice of gauge but, as long as the fermion current is
conserved all differences are irrelevant. With the polarization vectors of Appendix B one obtains
∑
λ=−1,+1
e⊥µ(p,λ)e∗⊥ν(p,λ) = δµν −
pµ pν
p2
− eL µ(p)e∗Lν (p). (174)
and we can safely replace the δ µν in the propagator with a sum over polarizations, even for off-shell Zs.
Using Eq.(174) we replace
∆µν(p)→∑
λ
eµ(p,λ)e∗ν(p,λ)∆(p2), ∆(p2) =
1
s+M 20
, (175)
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with M 20 = M 2/cˆ2θ , p2 =−s and
eµ(p,0) = eµL(p), eµ(p,±1) = eµ⊥(p,±1). (176)
We introduce the following matrices
Pi j =
[
MD δ µν +MT T µν
]
eµ(p1, i)eν (p2, j), (177)
Di j(p) = ∑
spin
Ei(p)E†j (p), Ei(p) = J
µ (q,k) e∗ν(p, i) (178)
where i, j =−1,0,+1 and p = q+ k. We obtain
∑
spin
∣∣∣Mfc∣∣∣2 = ∑
i jkl
Pi j P†kl Dik(p1)D jl(p2)
∣∣∣∆(s1)∆(s2)∣∣∣2 = ∑
i jkl
Ai jkl
∣∣∣∆(s1)∆(s2)∣∣∣2
=
[
∑
i
Aiiii +∑
i j
Ai ji j + ∑
k, j 6=i
l 6= j
Ai jkl
]∣∣∣∆(s1)∆(s2)∣∣∣2. (179)
where M is the matrix element comprising all factorizable contributions, not only the SM ones. Aiiii gives
informations on H decaying into two Z of the same helicity (0,0 etc.), Ai ji j on mixed helicities (0,1 etc.)
while the third term gives the interference. Therefore
Ai = Aiiii, Ai j = Ai ji j, (180)
are good candidates to define pseudo-observables. The final step is achieved through the realization that
pseudo-observables are defined in one-point of phase-space and the choice must respect gauge invari-
ance [96]. The amplitude in Eq.(179) has the general structure
Mfc = ∑
i j
ai j (s,s1,s2, . . .) ∆(s1)∆(s2)
= ∑
i j
ai j
(
sH,sZ,sZ . . .
)
∆(s1)∆(s2)+N (s,s1,s2, . . .) , (181)
where N denotes the remainder of the double expansion around s1,2 = sZ , s =−(p1 + p2)2 and
∆(s) = 1
s− sZ , (182)
sH,sZ being the H,Z complex poles. Therefore, we define pseudo-observables
Γi =
∫
dΦ1→4 ∑
spin
∣∣∣aii (sH,sZ,sZ . . .) ∆(s1)∆(s2) ∣∣∣2, (183)
with similar definitions for Γi j. Since the problem is extracting pseudo-observables, analytic continuation is
performed only after integration over all variables but s1,s2. Nevertheless, if one wants to introduce cuts on
differential distributions alternative algorithms must be introduced, see Ref. [97].
The matrices D,E are given by:
P00 = −12 (s1s2)
−1/2 zH
[
MD−4 s1s2
z2H
MT
]
,
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P++ = P−− =− i
(
NL
s1s2N1⊥N
2
⊥
)1/2
(MD−MT) ε (k1,k2,q1,q2) ,
P+− = P−+ =
1
8
(
s1s2N1⊥N
2
⊥
)−1/2
(MD−MT)
{
2s1s2s45−
[
s46s56− s6 zH
]
zH
}
, (184)
where we have introduced
si j = si + s j, zH = sH− s1− s2, ε (k1,k2,q1,q2) = εµναβ kµ1 kν2 qα1 qβ2 . (185)
The elements of the D -matrix are given by
D00(p1) = 2
(
V 2++V 2−
) [
4+ 1
NL
(
2s1 s2− (s234 + s256)
)]
D−−(p1) = D++ =
(
V 2++V 2−
) 1
N1⊥
{
(s34 + s56)s56
+
1
4
1
NL
[
2(s21 s22− (s234−2s1 s2)s256)− (s34− s56)2 s1 s2− (s34 + s56)2 s256
]}
]
D0−(p1) =
i√
2NLN1⊥
(
V 2+−V 2−
) [
2NL− 12 (s34− s56)
2
]
+
1√
2N1⊥
(
V 2++V 2−
) {
4s56 +
1
NL
[
(s34 + s56)(s1 s2− s256)−2(s234− s1 s2)s56
]}
D0+(p1) =
i√
2NLN1⊥
(
V 2+−V 2−
) [
2NL− 12 (s34− s56)
2
]
− 1√
2N1⊥
(
V 2++V 2−
) {
4s56 +
1
NL
[
(s34 + s56)(s1 s2− s256)−2(s234− s1 s2)s56
]}
D−+(p1) = − i2NLN1⊥
(
V 2+−V 2−
)
(s34− s56)(s56 s34− s1 s2)
+
(
V 2++V 2−
) 1
N1⊥
{
−(s256 + s1 s2)+
1
4
1
NL
[
(s34− s56)2 s1 s2 +(s34 + s56)2 s256
− 2(s21 s22− (s234−2s1 s2)s256)
]}
(186)
and similarly for Di j(p2).
The result of Eq.(179) does not include non-factorizable diagrams. To include them we will follow the
work of Ref. [98] where standard matrix elements (SME) are introduced (see Eq. (3.1) and Eq. (3.2) of
Ref. [98]); they are made of products of
Γi ,σµ =
1
2
u¯(qi)γµ
(
1+σγ5
)
v(ki), Γi ,σµνα =
1
2
u¯(qi)γµγν γα
(
1+σγ5
)
v(ki), (187)
with σ =±1 and i = 1,2. For example one has
M
12 ,στ = Γ1 ,σ ; µ Γ2 ,τµνα qν1 kα2 , (188)
etc. The non-factorizable amplitude becomes a sum
Mnfc = ∑
i
F12 ,στi M
12 ,στ
i , (189)
where the F are Lorentz invariant form-factors computed up to NLO but excluding those that are double
resonant; the full answer follows by adding this amplitude to Mfc. Note that
Jµ (qi,ki) = g
(
vf +af
)
Γi ,+µ +g
(
vf−af
)
Γi ,−µ . (190)
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8 Double Higgs production
A non-zero value of ag fives a contribution also to the ggHH vertex, contributing to double Higgs
production, gg→ HH (see also Ref. [99]).
µ a
ν b
ggHH 4ag GF g6 Tµν δ a,b. (191)
An additional contribution to double-Higgs production come from the HHH vertex where p1, p2, p3 are
the momenta of the outgoing bosons with p1 + p2 + p3 = 0. There are also quartic couplings
HHH −3
(√
2GF
)1/2 {
1+
g6
12
√
2
[
3A3K +6A∂K +32
M 2
M 2H
AK
− 2 ∑
3
i=1 p2i
M 2H
¯A0K
]}
, (192)
HHHH −3
√
2GF M 2H
[
1+
g6
2
√
2
(
A0K +32
M 2
M 2H
AK
)]
(193)
9 Perturbative unitarity
In this section we study constraints from perturbative unitarity. With no informations on the Higgs boson
mass there are two different scenarios in VLVL → VLVL scattering:
1. M2W,M2Z ≪M2H ≪ s
2. M2W,M2Z ≪ s≪M2H
Assuming a light Higgs boson we analyze a new option,
• M2W,M2Z,M2H ≪ s.
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The SM result iw well-known, given
d
dt σVLVL→VLVL =
∣∣∣T (s, t)∣∣∣2
16,pi s2 , T
0
LO =
1
16pi s
∫ 0
−s
dt TLO (194)
we derive
T 0LO
(
W+L W
−
L →W+L W−L
)
∼−
GFM2H
4
√
2pi
, s→ ∞ (195)
with a critical mass ∣∣∣T 0LO (MH = Mc)∣∣∣= 1, M2c = 43
√
2pi G−1F . (196)
Anomalous couplings violates perturbative unitarity. However, one has to be careful in formulating the
problem: the region of interest is
• M2W,M2Z,M2H ≪ s≪ Λ2.
When s approaches Λ2 the effective theory must be replaced by the complete renormalizable, unitary La-
grangian and it makes no sense to study the limit s → ∞ in the effective theory (for a discussion see
Ref. [100]). To summarize, anomalous vertices with ad hoc (scale-dependent) form-factors are frequently
used but one should remember that they cannot be put down to an effective Lagrangian.
However, it is well known that heavy degrees of freedom may induce effects of delayed unitatity can-
cellation in the intermediate region and these effects could easily be detectable [101]. Without using the
equivalence theorem, we compute
T 0SM+AC =
1
16pi λ
(
s,M 2,M 2
) ∫ −t0s
−s+4M 2
dt TSM+AC
(
W+L W
−
L →W+L W−L
)
, (197)
with a cut t0 >> M 2/s to avoid the Coulomb pole. Longitudinal polarization vectors are defined as fol-
lows [102,103]
eLµ(p1) =
2
MsβM
(
p1 · p2 p1µ +M 2 p2µ
)
eLµ(p2) =
2
MsβM
(
p1 · p2 p2µ +M 2 p1µ
)
eLµ(p3) =
2
MsβM
(
p3 · p4 p3µ +M 2 p4µ
)
eLµ(p4) =
2
MsβM
(
p3 · p4 p4µ +M 2 p3µ
)
, (198)
with β 2M = 1−4M 2/s. In the limit M2W,M2Z,M2H ≪ s≪ Λ2 we obtain the following result
T 0SM+AC = −
1
6
(
2+5t0− t20
)
(1− t0) cˆθ sˆθ
(
1−2 sˆ2θ
) GF s2
pi M 2
A3V g6
+
{ 1
32
(1− t0)2
(
A1K +A3K−A∂K−6
sˆθ
cˆθ
A3V
)
+
[1
8
(
11+10t0−13t20
)
)−2 (1+2t0−2t20) sˆ2θ] cˆθ sˆθ A3V}GF spi g6
+
3
16
√
2
(1− t0)2
(
sˆθ
cˆθ
A5K−A4K
) √
2G3/2F M s
pi
g6 +O
(
s0
)
. (199)
As expected the SM part contributes to the constant part while the part proportional to g6 has positive powers
of s (up to power two). The leading behavior is controlled by the O3V operator.
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10 Conclusions
We have described possible deviations from the Standard Model parametrized in terms of effective d = 6
operators made of Higgs, gauge and fermion fields, without making the hypothesis that the new physics
shows up in the Higgs sector. Furthermore, we allow effective operators generated at tree level and by loops
of heavy particles.
In this paper we have discussed the implementation of effective Lagrangians with emphasis on renormal-
ization. Examples of Lagrangians producing the d = 6 operators have been shown and we have discussed
both the decoupling and the non-decoupling scenarios. In agreement with the work of Ref. [100] we have
been following the effective field theory approach which is cleaner than that of anomalous couplings. An
effective field theory is the low-energy approximation (E ≪ Λ) to the new physics and it is only useful up
to E ≈ Λ: above Λ it should be replaced by a new effective theory, parametrizing the low-energy effects at
a yet higher scale.
Effective theories should not be considered beyond their UV cutoff, although this is often done in the
literature with the introduction of methods for unitarizing the model, e.g. form-factors are introduced; this
requires specific assumptions and cannot be formulated in terms of an effective Lagrangian.
There are many scenarios, e.g. an interesting one (see Ref. [87]) has no new charged fermions and only
new bosons. This would unambiguously rule out a large class of BSM theories. There are also scenarios with
new physics which will be extremely difficult to distinguish from minimal SM, e.g. see Ref. [104]. However,
the analysis of all possible options should not be done hiding uncertainties or the bias from discovering using
the minimum p -value. Opportunities for precision measurements and BSM sensitivity have been recently
described in Ref. [105] and in Ref. [106].
One final comment is needed: the strategy described in the Introduction amounts to search for deviations
around a minimum which we assume to be SM. If measured deviations will be large, we will face a problem
of interpretation: indeed, consider the ratio
R =
ghWW
c2θ ghZZ
, (200)
where ghVV is the tree-level coupling of the scalar resonance h to VV; if h = H, the SM Higgs boson, then
R = 1. Assume that Rexp turns out to be close to −1/2, this will be hard to interpret in terms of a weakly
coupled theory and it becomes questionable to trust predictions from an effective Lagrangian, based on
d = 6 operators, with Wilson coefficients of that size; to state it differently, d = 8 operators and insertion of
d = 6 operators in SM loops are all equally important. However, some anomalous value of Rexp could very
well be close to another weakly coupled theory; for instance, the h5 of the Georgi - Machaceck model [80]
has R = −1/2. Starting from the new weakly-coupled Lagrangian will allow us to trust the prediction. Of
course, one would like to be as model-independent as possible without repeating the fit for many different
starting points; however, there are only very few representations of SU(2)L ⊗ SU(2)R that respect custodial
symmetry, and they should be included in a more comprehensive analysis.
A recent note by ATLAS Collaboration [107], using data taken in 2011 and 2012, reports that, within the
current statistical uncertainties, no significant deviations from the Standard Model couplings are observed.
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A Appendix: The ghost Lagrangian
In this Appendix we give the explicit expression for the Faddeev-Popov ghost Lagrangian.
LFP = X−∂ 2 X−+X+∂ 2 X++Y Z ∂ 2 YZ+Y A ∂ 2 YA−M 2
(
X+X++X−X−
)− ¯ξ2Z M 2
cˆ2θ
Y Z YZ
− 1
2
gM
[
+
(
a3K +2a∂K
) M 2
Λ2
] (
X+X++X−X−
)
H
+
i
2
gM
(
1+a3K
M 2
Λ2
) (
X+X+−X−X−) φ 0
− 1
2
g
M
cˆ2θ
[
1+
(
8a3V sˆθ cˆθ +a3K +2a∂K
) M 2
Λ2
]
Y Z YZ H
+
i
2
g
M
cˆθ
[
1+
(
4a3V cˆθ sˆθ −a3K
) M 2
Λ2
] (
Y Z X
−φ+−Y Z X+φ−
)
+
i
2
gM
{ sˆ2θ − cˆ2θ
cˆθ
+
[
4a3V sˆθ
(
1+2 cˆ2θ
)
+a3K
(sˆ2θ +3 cˆ2θ
cˆθ
)
] M 2
Λ2
} (
X+YZ φ+−X−YZ φ−
)
+ ig sˆθ
[
1+
(
4a3V sˆθ +a3K cˆθ
) M 2
Λ2
cˆθ
sˆ2θ
] (
X−∂µX−−X+∂µX+)Aµ −
(
X+X+−X−X−) ∂µ Aµ)
+ ig sˆθ
[
1+
(
4a3V cˆθ sˆθ +a3K
) M 2
Λ2
cˆ2θ
sˆ2θ
][(
Y A ∂µX+−X−∂µYA
)
W−µ
+
(
Y A X
+−X− YA
)
∂µ W−µ −
(
Y A X
−−X+ YA
)
∂µ W+µ −
(
Y A ∂µX−−X+∂µYA
)
W+µ
]
+ igM sˆθ
[
1+
(
4a3V cˆθ sˆθ +a3K
) M 2
Λ2
cˆ2θ
sˆ2θ
] (
X− YA φ−−X+ YA φ+
)
+ ig cˆθ
[
1−
(
8a3V cˆθ sˆθ +a3K
) M 2
Λ2
][(
X−∂µX−−X+∂µX+
)
Zµ −
(
X+X+−X−X−) ∂µ Zµ]
+ ig cˆθ
[
1−
(
4a3V cˆθ sˆθ +a3K
) M 2
Λ2
][(
Y Z ∂µX+−X−∂µYZ
)
W−µ +
(
Y Z X
+−X−YZ
)
∂µ W−µ
−
(
Y Z X
−−X+YZ
)
∂µ W+µ −
(
Y Z ∂µX−−X+∂µYZ
)
W+µ
]
(201)
B Appendix: Polarization vectors
A convenient choice for the polarizations in H→ VV is the following:
eL µ(p1) =−N1L
(
p1 · p2 p1µ + s1 p2 µ
)
, eL µ(p2) =−N2L
(
p1 · p2 p2µ + s2 p1 µ
)
, (202)
where N1,2 are the normalizations, p2i =−si and
e⊥µ(pi,λ) =
1√
2
[
nµ(pi)+ iλNµ(pi)
]
, Nµ(pi) = (si)−1/2 εµαβρ nα(pi)e
β
L(pi) p
ρ
i , (203)
nµ(p1) = iN1⊥ εµαβρ kα1 p
β
1 p
ρ
2 , nµ(p2) = iN
2
⊥ εµαβρ kα2 p
β
2 p
ρ
1 . (204)
With this choice one obtains
∑
λ=−1,+1
e⊥µ(p,λ)e∗⊥ν(p,λ) = δµν −
pµ pν
p2
− eL µ(p)e∗Lν (p). (205)
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Using P→ p1 + p22 → q1 + k1 +q2 + k2 we define
p1 · p1 =−s1 p2 · p2 =−s2 p1 · p2 = 12
(
s1 + s2− sH
) (206)
q1 ·q1 = 0 q2 ·q2 = 0 k1 · k1 = 0 k2 · k2 = 0 (207)
q1 · k1 =−12 s1 q1 ·q2 =−
1
2
s3 q1 · k2 =−12 s4 (208)
k1 ·q2 =−12 s5 k1 · k2 =−
1
2
s6 q2 · k2 =−12 s2, (209)
where we allow for an off-shell Higgs boson, P2 =−sH. We derive
N iL = (si NL)
−1/2 , N2L =
1
4
λ
(
sH,s1,s2
)
, (210)
where λ is the Källen function. Furthermore,
N−21⊥ =
1
4
[
(s5 + s6) (s3 + s4)− s1 s2
]
,
N−22⊥ =
1
4
[
(s4 + s6) (s3 + s5)− s1 s2
]
. (211)
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